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Abstract. X-ray grating interferometry has been employed for a wide range of imaging applications by using the Talbot self-images
of a grating. At synchrotron facilities, it has also been exploited to characterize the coherence and wavefront of the x-ray beam.
The method is relatively straightforward, easy to implement, and provides accurate quantitative data. However, to exploit its full
potential, it requires highly specialized, robust data analysis. It this work, we have set the framework for the development and
dissemination of a robust open-source code that is tailored to the data analysis for imaging and beam characterization using grating
interferometry.

INTRODUCTION
X-ray Talbot interferometers [1–3] are a versatile tool that provides different information of a sample being studied.
It relies on the Talbot self imaging effect [4], which is the image formation of a periodic structure at certain distances.
By measuring the distortions to the Talbot self image caused by an sample (compared to a reference image without the
sample), one obtains the differential phase image [2, 5] and the dark-field image [5, 6] of the sample. By measuring
the propagation of the distortions as the beam propagates, one can retrieve the wavefront profile of the beam[7, 8].
Talbot effect is a wave optics effect [4] and thus it is moderated by the limited coherence of the beam [9, 10]. On
the other hand, the effects of partially coherent beams are well understood and therefore the Talbot interferometer can
be used to obtain the coherence function of a partially coherent beam [11–13].
The experimental setup is reasonably simple and variations of the experimental setup have been developed over
the years with different strengths and drawbacks [14], namely single grating [8, 15] and stepped grating[2]. Different
gratings can be used and optimized to different experiments, which may require phase gratings or absorption gratings or both (stepped geometry). The gratings can be 1-dimensional [10] or 2-dimensional gratings[16, 17]. Circular
gratings can be used for coherence measurements [18].
To process the data and obtain the actual physical results, advanced and dedicated data analysis are required. In
this work we present wavepy, a Python [19] library for data analysis of x-ray grating interferometry. The library takes
advantage of the Python programming language capabilities and flexibility, and aims to be easy to collaborate, distribute, and integrate with other imaging packages. We discuss all the main features of the code and provide examples
of results obtained using the library.

SINGLE GRATING INTERFEROMETRY
Experimentally, the single grating experiment starts by placing the detector at the desired Talbot distance [4]. The
Talbot distances can be either calculated [17] or measured experimentally [12]. Longer distances improve the sensitivity of the experiment, but the finite coherence length limits the maximum usable distance [13]. Therefore, it is good
practice to measure the Talbot distance to verify that there is contrast at that distance. Next is the alignment of the
grating and of the sample, with the requirement that the Talbot image features must be aligned parallel or at 45 degrees
to the detector pixel array [12]. Two images are then acquired, one with sample and the other without the sample (the
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FIGURE 1. (a) A diamond concave lens imaged with a 2D phase grating (the pattern period is 2.4 µm, too small to
be seen in the image). (b) The magnitude value of the Fourier transform showing harmonics created by the 2D phase
grating. The superimposed grid pattern is added to highlight and identify the harmonics. Color scale is a logarithmic
scale.
reference image). A dark image (no beam, same acquisition time) is acquired to account for the dark noise of the
detector.
The data analysis of single grating imaging relies on Fourier transform phase retrieval [15]. In practice, this is
done by first calculating the Fourier Transform (FT) of the experimental image. In Fig. 1.a is shown the raw image of
a parobolic diamond lens measured with the portable interferometer [1] at APS 1-BM-B beamline [20]. The FT image
will present a series of harmonics peaks (Fig. 1.b) at the positions
hn = n ·

L
+ h0 ,
p

(1)

where L is the lateral image size and p is the pattern period [12, 17], both in meters. hn and h0 are the pixel position
in the FT image for the nth and zeroth harmonic, and h0 is at the center of the image. Remembering that the FT are
complex numbers of the form a( f x , fy )eiφ( fx , fy ) , at the harmonics we have f x = hnh , fy = hmv and the value of the
magnitude a( f x , fy ) are local maxima (the indexes v and h stand for vertical and horizontal, respectively).
When using the 2D grating, Eq. 1 is used for the vertical and horizontal harmonics, and L, p and h0 may have
different values Lv , Lh , pv , ph , h0v and h0h for each direction. The FT image is then cropped around the vertical
harmonic h1v . The lateral size of the cropped image is Lv /pv and Lh /ph . The cropped images are then shifted in the
frequency domain by h1v , which in practice is done by assuming the center of the FT image as the zero frequency,
that is, h1v → 0. The same cropping procedure is done around the horizontal frequency h1h , resulting in two cropped
images (see Fig. 2).
Now, according to the Fourier transform phase retrieval [21], the argument φ( f x , fy ) of the cropped images are
direct measurements of the displacement of the fringes in the Talbot images, and are related to the DPC image as [15]:
(φ01
− φ01 ) · pH
sample
ref
DPC H = −
dDet · λ

and

(φ10
− φ10 ) · pV
sample
ref
DPCV = −
.
dDet · λ

(2)

Here, φ is in the reciprocal coordinates ( f x , fy ), and the change of coordinates f xy → xy is obtained by noting that the
new coordinates have a grid with step size ∆ x = pH and ∆y = pV . This also means that the spatial resolution of the
technique is defined by the period pH and pV of the self image, which we refer as virtual pixel size. The values of
pH and pV depends on the kind of grating (phase or absorption grating, π or π/2 phase shift, mesh or checkerboard
grating) and on the beam divergence, and are discussed elsewhere [12, 14, 17].
The dark-field images are obtained by [5]
I 01
DF H = 00
I

and

I 10
DFV = 00 ,
I

where

I

00

a00
sample
=
,
a00
ref
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I

01

a01
sample
=
,
a01
ref

I

10

a10
sample
=
. (3)
a10
ref

FIGURE 2. Cropped FT images around the central, first horizontal and first vertical harmonics (see harmonic labeling
in Fig. 1.b. Note that the hamonic frequencies were shift to zero frequency, i.e., h1v → 0 and h1v → 0. Magnitude
plots. Color scale is a logarithmic scale.
This work concentrates on the differential phase imaging and wavefront measurements; the dark-field images will not
be discussed in detail here.
For the wavefront measurements, the experiment is slightly different; two images of the direct beam (i.e. no
sample) are measured at two Talbot distances, and the image at the closest distance is used as reference [22]. At this
condition, the parameter dDet in Eq. 2 is the difference between the distance of the two measurements.

wavepy - PYTHON LIBRARY
wavepy is a pure Python [19] library for data analysis of imaging and wavefront sensors using Talbot self imaging. The
main goal of using Python is twofold: to take advantages of a widely used language in the scientific community, and
also to make extensive use of the existing Python libraries for numerical calculation and plotting, namely numpy [23],
scipy [24] and matplotlib [25]. Installation is facilitated by using conda [26] to solve dependencies. The development
makes use of git for version control and collaborative development.The code is hosted in the github repository [27]
https://github.com/wavepy/wavepy. One of the reasons for using Python is to be able to integrate wavepy
with other projects, mainly DXchange [28] to seamlessly load images of different formats, and TomoPy [29] for
tomography. The main code is a collection of functions that can be used in different ways, for instance inside a
development environment (DE) or by creating a graphical interface that uses wavepy underneath. Examples using
Spyder (https://www.spyder-ide.org) DE are available in the repository.
An example using one of the core functions is shown below:
>>> [int00, int01, int10,
darkField01, darkField10,
phi_x, phi_y] = single_2Dgrating_analyses(img, img_ref, [h1v, h1h])

In this example, img and img_ref are the numpy arrays containing the raw images for the sample and reference
as acquired by the detector, and h1v and h1h are the first harmonic position in the FT images for the vertical and
horizontal direction, respectively, calculated with Eq. 1. The function returns a list of numpy arrays containing respectively I 00 , I 01 , I 10 , DF H , DFV , (φ01
− φ01 ) and (φ10
− φ10 ). Therefore, all the steps of properly cropping
sample
ref
sample
ref
the FT images as discussed before are done automatically and the user can concentrate on the physical aspects of the
results.
The exhaustive list of functions of wavepy is available at the application programming interface (API) reference in https://wavepy.readthedocs.io . The example above is the core function for data analysis, and several
additional auxiliary functions are available. Some examples of the use of other functions are shown next.
APPLICATION - IMAGING The imaging capabilities of the interferometer has been used for metrology of
individual refractive lenses for x-rays [8, 30]. By using grating interferometer the thickness profile is retrieved, providing a more complete picture than surface metrology. Fig. 1.a shows the raw image registered by the detector. By
using phi_x and phi_y obtained with the function single_2Dgrating_analyses above, we can then obtain the
differential phase contrast (DPC) images in Fig. 3 using
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FIGURE 3. Differential phase contrast images of the diamond lens. Since the curved area of the lens has a parabolic
profile, the DPC presents a linear change that is clearly visible in the figure.

1 >>> diffPhase01 = -phi_x*g_pitch_h/wavelength/d_grat_detector
2 >>> diffPhase10 = -phi_y*g_pitch_h/wavelength/d_grat_detector
3 >>> plot_DPC(diffPhase01, diffPhase10, [g_pitch_v, g_pitch_h])

where lines 1 and 2 above are applications of Eq. 2, and line 3 generates Fig. 3.
A common problem encountered in interferometry is phase wrap [31]. Numerical algorithms are available in
Python for correcting wrapping (a.k.a to unwrap), however some cases can be challenging to correct this problem due
to noisy data or when the sample present sharp edges. wavepy uses a Python library for unwrapping (https://pypi.
org/project/unwrap/), but some user intervention may be necessary. In the case of lenses, phase unwrapping
methods may add a constant shift to the values of the calculated phases φ01 and φ10 . In Fig. 3 this was corrected with
the prior knowledge that for the center and the boundary areas φ01 = φ10 = 0, and therefore a proper offset could be
applied.
An additional challenge is to combine the two DPC images into a single phase image [32]. Mathematically, this
is the same as integrating two orthogonal gradient fields, ∂Φ(x,y)
= Φ x and ∂Φ(x,y)
= Φy to obtain the surface Φ(x, y).
∂x
∂y
Φ(x,y)
Φ(x,y)
For this to be possible Φ x and Φy must be integrable, where integrability is defined as ∂ ∂x∂y
= ∂ ∂y∂x
[33]. The
challenge arises from the experimental noise in the measured gradients, which is different for the two gradients and
therefore the integrability condition is not fulfilled. Several authors have studied the problem of calculating a surface
from gradients where noise is present [34, 35], where the simplest method to be implemented herein is the method
by Frankot and Chellappa [33]. This method is currently provided in wavepy. Works to include other methods are
ongoing as a separate project hosted at https://github.com/wcgrizolli/surface_from_gradient.
Fig. 4 shows the integrated surface from the data in Fig. 3. In wavepy this is done as follows:
2

1
2
3
4

>>>
>>>
>>>
>>>

2

phase = dpc_integration(diffPhase01, diffPhase10, virtual_pixelsize)
delta, _ = get_delta(phenergy, material="C")
thickness = -(phase - np.min(phase))*2*np.pi/wavelength/delta
plot_integration(thickness*1e6, virtual_pixelsize,
titleStr=r’Thickness Diamond $[\mu m]$’)

First, the Frankot-Chellappa algorithm is applied in line 1 to the DPC data. Next, by using the refractive index
n(λ) = 1 − δ(λ) + iβ(λ) value from a database, the phase shift is converted to sample thickness T (x, y) by
T (x, y) = −

λ Φ(x, y)
,
2π δ(λ)

(4)

where λ is the wavelength of the radiation, in this case λ = 1.55Å (photon energy of the radiation 8 KeV). This is done
in line 3 using the value of δ = 6.503 · 10−6 for carbon, obtained in line 2 using an wacepy function, which in turn gets
that value from xraylib [36], a library for X-ray-matter interactions. The resulting sample thickness is plotted in line 4
and shown in Fig. 4.
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FIGURE 4. Relative thickness of the diamond lens, ob- FIGURE 5. Measured phase variation across an X-ray
tained by integrating the DPC images of Fig. 3.
wavefront.

APPLICATION - WAVEFRONT CHARACTERIZATION The measurement of the wavefront is done by
acquiring images at two propagation distances along the beam [22]. The wavefront measurement can also exhibit
phase wrapping, but wavefronts are in general smooth and the phase wrapping is unlikely. Fig. 5 shows a wavefront
measured at the APS 1-BM-B beamline [20]. For this measurement, a testing mirror was placed in the beam path and
the interferometer was placed 2 meters downstream. The high frequency oscillations in ŷ directions are due to surface
profile errors in the mirror, a first generation bi-morph mirror that was decommissioned after being used for more than
10 years. By using wavefront propagation calculations, one could use this data to retrieve the mirror surface errors
and correct it by using the bi-morph actuators. Or, alternatively, one can aim to correct the wavefront, which does not
require wavefront propagation calculations and directly improve the beamline performance.

Conclusion
In this work we discuss the development of wavepy, a Python library dedicated to data analysis of Talbot grating
interferometry. We illustrate the use of the library with two examples, phase imaging and wavefront characterization,
and show the use of few of the main library functions. In addition to the examples showed here, several other dedicated
functions are provided. Examples are available in the repository and extensive documentation has been prepared.
Dedicated functions for plotting meaningful physical quantities have been added, saving time when visualizing the
results. The library also covers techniques that have similar experimental setup and data analysis procedures, such as
phase-stepping imaging and coherence measurement.
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